The analysis of the response of a turbine-generator unit's rotor system to an electrical system disturbance requires complex models of both the electric network and mechanical system. The significant parameters for both these models are discussed and illustrated using simplified transmission system models. The effects of higher frequency electrical torque components are shown to be dominant factors in determining the stress on small components such as turbine blades while the lower frequency components provide the main stimulus to the main shaft sections.
INTRODUCTION
The analysis of the effects oftransmission system disturbances on turbine-generator (T-G) units requires the construction of analytical models that will accurately represent the event.
Presently, the most widely used computer models provide a time simulation for a specific disturbance. A system study is performed by varying types of disturbances or the time sequence of discrete actions such as circuit breaker operations to show the range of response that can be expected. In addition, transmission system planners have a myriad of combinations of generating units and line configuration that may influence results. T-G designers, too, are faced with choices both as to the complexity of the models that must be constructed and the effects of possible design changes that could be implemented. This paper describes the various frequency components in the electrical torque following system disturbances and their effects on the rotor system. Mechanical models of varying complexity illustrate these effects. Modeling uncertainties in a number of areas, both electrical and mechanical, are discussed and an outline of the effort required to resolve these uncertainties is described.
GENERATOR TORQUES RESULTING FROM ELECTRIC SYSTEM DISTURBANCES
When the effect of an electrical system disturbance on the mechanical integrity of a T-G unit's rotor system is analyzed, the most significant electrical factors are the magnitudes and decay rates of the several frequency components of generator torque. For 60 Hz power systems which do not contain series capacitors, the transient torque contains combinations of step changes in torque level, 60 Hz decaying oscillations, 120 Hz oscillations, and low-frequency ( 1 Hz) oscillations that persist until the system returns to equilibrium. The presence of fundamental frequency and second harmonic torque components depends on the type of system disturbance, and the magnitudes of the various components are controlled by a number of system variables.
Steady-State Switching
Although it might be considered desirable to simulate a disturbance using the greatest possible detail, considerations of computer time, program size, and data availability usually dictate that some simplifications be made. The process of simplifying the study models requires both an understanding of the principles that govern the system behavior and a consideration of the portion of the simulation that is of most concern to the analyst.
In considering the effect of transient electrical torques on T-G unit shaft systems, it is often possible to divide the study into two separate areas. The first -that of determining the generator electrical torque -requires careful consideration of the system's electrical parameters and only a secondary consideration of the resulting motion of the shaft system. Secondly, the determination of mechanical response can normally be performed using either the torque waveform obtained in simulation of the electrical system or a waveform generated by a set of formulas that approximates the electrical disturbance. In this study the detailed mechanical model of the rotor system is of the greatest significance. Modern relays and circuit breakers open faulted transmission lines within primary times of 3 to 5 cycles from fault inception. This fault clearing operation produces a second step change in electrical power on synchronous machines as unit load is reestablished. Often the fault clearing removes a primary transmission circuit, and the combination of a changed transmission system and machine acceleration during the fault period results initially in an electrical loading on the machine greater than that prior to the fault. As in the case of simple line switching, lowfrequency oscillations persist in the power system until a new balanced condition is achieved.
The initial torque magnitudes of the fundamental frequency and second harmonic components are less for faults on the transmission system than for the same fault types on the machine terminals. In addition, the fault duration is very short. However, the second step change due to the fault clearing can cause torque amplification in the rotor system with corresponding mechanical stresses greater than those from a machine terminal fault. This amplification results from the compounding effect of oscillations initiated by the clearing transient superimposed on the still existing oscillations that were initiated by the fault.
Series Capacitor Compensated Systems
A great number of recent papers have presented discussions of the electrical torques that may be encountered in series capacitor compensated systems 2. The basic difference between these systems and uncompensated systems is that the frequency components of the transient torques can vary throughout the range between 0 and 120 Hz. For these systems, the subsynchronous torques (0-60 Hz) are associated with positive sequence components of the resonant electrical frequency currents, and the supersynchronous torques (60-120 Hz) are associated with negative sequence components of the resonant electrical frequency currents. This broad spectrum of frequencies means that under certain system conditions, it may be possible to directly excite natural frequencies of the mechanical system(s).
Loss-of-synchronism incidents on large steam T-G's have occurred either as a result of a loss-of-excitation of the generatot or during multiple contingency short circuit conditions. In addition to the transient power changes, the loss-of-synchronism results in a low-frequency power pulsaton which can have a maximum amplitude similar to that for an out-of-phase synchronization. A recent study has shown that unless the unit is tripped, its acceleration following the loss-of-synchronism may result in the frequency of the power pulsation due to pole slipping approaching a torsional frequency 3.
Mechanical Response of a Turbine-Generator Rotor System
The rotor of a T-G unit is a very complex mechanical system. It may exceed 150 feet in total length and weigh several hundred tons. The rotor system contains rotor forgings of varying sizes each with machined shaft sections and couplings that may either be integral or shrunk and keyed to the rotor. Turbine sections contain a number of discs which may also be integral or attached to the rotor. There are also a number of smaller components including turbine blades, rotor coils, retaining rings, blowers, pumps and excitation system components that are included in the completed assembly. This system possesses an infinite number of modes of torsional vibration, some containing very complex mode shapes. The analysis of the mechanical response of this system to a transient event requires an analytical model in which, depending on the purpose of the analysis, certain simplifications can be made.
Classical Lumped Mass Model
Traditionally, a T-G unit's rotor system has been represented by a lumped mass model for electrical system interaction studies. In this model each major element (generator, turbine, etc.) is considered to be a rigid mass connected to adjacent elements by massless springs. The natural frequencies calculated using this model are usually bclow the system electrical frequency and they quite accurately match the lower frequency modes of unit vibration. Since these modes contribute most of the shaft stress caused by terminal short circuits, this simple model has proven to be satisfactory to evaluate the integrity of the main shaft sections. The model for a large, two-pole unit is illustrated in Figure 1 . The six masses and five springs used yield a model which can determine the five lowest frequency torsional modes.
When the analysis requires consideration of the effects of the electrical disturbance on portions of the rotor system other than the main shafts, the lumped mass model which neglects the flexibility of rotors, discs, and blades has serious limitations. Torsional vibration tests of separate turbine and generator rotors in the factory and torsional vibration tests of T-G units conducted in power plants have shown the presence of numerous resonant frequencies in the range of 50-150 Hz. Since most electrical disturbances contain fundamental frequency and second harmonic frequency torque components, a complete analysis of T-G unit reliability requires consideration of these modes.
Advanced Continuum Model
An analysis using continuum models ofrotor sections has been developed which represents the interactions of the flexibilities within rotor elements. Figure 1 shows schematically the comparison of this model to the lumped mass model. In the continuum model, a T-G unit is modeled by many hundreds ofconnected sections. The dynamic equations of motion for each section are the continuum equations representing the torsional response of a cylinder 4. For each element the effective mass, and stiffness are adjusted to account for effects such as rotor slotting and speed stiffening effects of generator field windings loaded against rotor wedges. In turbine models additional elements are introduced to allow the calculation of coupled turbine blade, disc, and rotor vibration modes. Torsional modes in the vicinity of 120 Hz are shown in Figure  3 . Two important points about these modes are noted. First, the nodal points appearing in the generator and turbine rotors show that for these modes, the two ends of each rotor are twisting against each other. For the generator this opposite motion on each side of the node point will result in some cancellation of the electrical torque and lower the response of these vibration modes. Ideally, if the node were positioned at the center of the body and the mode shape were symmetrical about it, the total torque input into the mode would be zero. However, the present configuration of a T-G unit is not symmetrical about the generator with the result that some net torque is input to each mode.
T-G unit
can only be verified by field tests. A number of these tests have been conducted and their results reported in the literature 5,6.
Examples of Rotor System Response to Electrical Disturbances
An illustration of the effect of the various transient electrical torque components discussed above and a comparison of lumped mass and continuum rotor model responses can be made using a simplified electrical system. This system consists of a single T-G unit and one or two transmission lines connected to an infinite bus. The representation of a single-line-to-ground (SL-G) and three-phase fault, together with fault clearing and high speed reclosing, allow various combinations of the transient torque components to interact. In each of the disturbances it is assumed that an 800 MW, two-pole machine is initially operating at rated load with 0.9 power factor and that each turbine element produces 25 percent of the power. Torque and power for all elements are expressed in per unit on the MVA base of the generator. The second important point is the phase relationship between the blade and rotor vibration. The relative magnitude and phase of the deflection of the last row turbine blades is indicated in Figure 3 by the straight lines emanating from the ends of the turbine. This figure shows that the blades and rotor ends are vibrating in phase for the three lower modes and out-of-phase for the higher mode. The relative motion between the blades and rotor as well as the position of node points can result in large differences in transient stress for blades at opposite ends of a symmetrical turbine element.
Because of the complexity of geometry and construction, many parts of T-G units are not completely amenable to theoretical analysis. Finite element analytical techniques have been employed to develop modeling parameters in such areas as shrunk-on discs and slotted generator body. These analyses must be augmented by both stationary and rotating tests of turbinegenerator and exciter rotors at the factory and the models adjusted empirically to match these test results. The coupled response ofthe 
Lumped Mass Model Results
Figures 4, 5 and 6 show the generator air gap power and shaft torque between low-pressure turbine elements that result from these fault examples. These results were calculated using a lumped mass model of the T-G rotor system incorporated in the simulation program that calculated the electrical system disturbance7. Thus, effects of generator rotor oscillation at the lower torsional natural frequencies on voltages, current, and -\ r--l A El! 00 1 MEMMN--electrical power were included in the calculation. Since the electrical system did not contain resonant frequencies corresponding to these rotor frequencies (electrical resonant frequency equal to synchronous frequency plus or minus the torsional natural frequency), no significant interaction effects between the mechanical and electrical systems can be observed. The disturbance is a single phase-to-groundfault with single-pole fault clearing and successful highspeed reclosing.
The torque waveform between low-pressure turbine elements is included in these examples to illustrate the critical effect that timing of circuit breaker operations has on calculated shaft torque. The fault application as well as each circuit breaker operation causes a step change in average generator power which stimulates the torsional natural frequencies of the rotor system. These examples were chosen such that the time between breaker operations was related to the cycle time of the 9.5 Hz lowest torsional natural frequency in such a way that subsequent switching operations either amplify or cancel the first mode component of shaft oscillation. A 0.05 second fault duration corresponds to nearly one half-cycle of the torsinal oscillation, and the 0.423 second time between fault clearing and breaker reclosure is equal to eight half-cycles of the oscillation frequency. The relative amplitude of torsional oscillation between Figures 4 and 5 is proportional to the magnitudes of the step change in power, indicating that at this shaft location this component of generator torque is dominant.
The effect of the breaker timing is dramatic in comparing Figures 5 and 6 . In the case of successful line reclosing, the step change in torque at the reclosing instant is in the same direction as at the fault clearing instant, while in the unsuccessful reclosing case these directions are opposite. This results in shaft torque Based on these examples, one might conclude that higher frequency torque components are of little consequence and that breaker timing could be adjusted to minimize torque amplification. However, the torque shown is for only one location on the rotor shaft. A complete analysis of the disturbance must consider response at other shaft locations, timing sequences that will excite the other subsynchronous frequencies, and complex rotor system models that are capable of accurately simulating effects of higher frequency torque components.
Transient Results Using a Continuum Model
The complexity and size of the digital computer program that implements the continuum rotor model make the interconnection of this program with electrical system simulation programs impractial. A major difficulty in such an interconnection would be the calculation of instantaneous torque at each section of the generator rotor and the corresponding calculation of the velocity components of stator voltage. Since these refinements are of secondary importance for this analysis, the transient electrical disturbance is represented by means of a series of electrical torque formulas. These formulas all have the general form given in equation 1 with coefficients, time constants, and phase angles varied to represent portions of the transient disturbance. In this equation w' 0 is the system's synchronous frequency and W n is the electro-mechanical frequency of the machine swinging against the infinite bus. Table I gives the coefficients that were used to represent the different portions of the transient disturbances described above. The torque Te is divided by the number of generator rotor sections in the continuum model and uniformly applied to each element of the rotor. For the major shaft sections the transient torque waveforms are nearly the same as those calculated using the lumped mass model. With slight adjustments in the timing between switching events, to account for the small differences in natural frequencies for the two models, the same compounding effects are observed. Figure 7 shows the transient torque at the journal area between low-pressure turbines for the three incidents described above. Both the magnitudes and waveshapes closely match those obtained using the lumped mass model.
There is very little high frequency oscillation visible in the torque response of the main shaft sections as shown in Figure 7 . This results from having the natural frequencies a sufficient margin from double system frequency. However, the turbine blades respond primarily at the higher vibration modes and their response is strongly influenced by the presence of 120 Hz components in the electrical torque waveform. Figure 8 shows the transient blade stress for the last row blades nearest to the generator during each of the three disturbances. It is seen that the blade stress resulting from the single pole operation is quite large (above twice the endurance limit), while it is much smaller for the three-phase faults. This result shows the need for detailed analysis of high frequency modes when designing a T-G unit. It also shows that a change in system operating practice to single pole fault clearing will not necessarily reduce the stress on rotor components. The effect of nonlinear response in the mechanical system can be significant in the analysis of a disturbance. As an example, when slipping between two torque carrying parts occurs, the natural frequency is lowered. This can result in either an increase or decrease in the response depending on the proximity of the new frequency to a forcing frequency. When slippage occurs, it is only over a portion of the total torque cycle at the stressed location. If this slip time corresponds to a period of the exciting frequency, further amplification of the response is possible. A change in the maximum torque response on the order of 50 percent has been observed when slipping in coupling areas has been represented.
Relative motion between adjacent mechanical components inherently increases the amount of system damping. At present, these effects are seldom included because they depend on the pressure of shrink fits at synchronous speed, the relative motion of coils and slots, the tightness of coupling bolts, and the material behavior at high strain range. This increased damping will have an effect on peak torque magnitude for reclosing incidents because it will reduce the oscillatory stress during the period when the breaker is open. However, the greater effect will be in the number of oscillatory cycles that occur at high strain range rather than the peak amplitude. This is significant in loss-of-life calculations since most analyses presently use damping coefficients that match those obtained in low-amplitude tests . There are many uncertainties in modeling these nonlinear effects and additional work, including monitoring of severe system disturbances, is required to properly account for them. The study of the mechanical effects of electric power system disturbances is quite complex and involves consideraton of both the worst case stresses and the cumulative fatigue effects of a variety of lower magnitude disturbances occurring over the life of the T-G unit. In simulating an event, there are a great number of variables both in the electrical system model and the model of the mechanical system that can significantly influence the results and study conclusions. Whenever it is possible, it is very desirable to simplify the analysis by dividing the study into separate parts and neglecting effects that are of secondary importance.
A division of the transient shaft torque analysis into an essentially electrical system simulation and a mechanical simulation using a torque waveform from the electrical simulation, has been shown to provide the same study conclusions as a combined simulation for the major shaft sections. When the electrical disturbance consists of a sequence of discrete switching steps, it is very efficient to define a mathematical expression for the torque waveform for each time interval during the disturbance.
Shaft torques on the large shaft sections can be calculated with reasonable accuracy using spring-mass models that only represent the lower torsional modes. Small differences in either resonant frequency or mode shape between the spring-mass model and continuum model are generally unimportant to the study conclusions as long as the full range in variation of circuit breaker timings is explored.
A complete analysis of the severity of an electrical disturbance requires consideration of modes of vibration with frequencies as high as the highest frequency components of electrical torque. An accurate mechanical model of the rotor system at these frequencies is quite complex. In addition, when frequencies of the combined elements are calculated to be near harmonic frequencies of the system electrical frequency, field tests should be made to verify the calculations. These models generally show that the smaller rotor components such as turbine blades are much more sensitive to the higher frequency components of electrical torque than to the low-frequency components. When these responses are included in the analysis, unbalanced sysem faults and operations become much more critical than they seem from the traditional spring-mass analysis.
